The defensive tail-withdrawal reflex of Aplysia californica, mediated by identified sensory neurons in pleural ganglia that form synapses on motor cells in pedal ganglia, can be sensitized by stimulating the animal with electric shock. The neurophysiological basis of this simple form of learning is thought to be the increased release of transmitter by the sensory neurons. Earlier work has focused on cAMPdependent protein phosphorylation as the cause of the presynaptic facilitation underlying short-term sensitization. Using physiological concentrations of Mg2" during fractionation, we now find that, independent from cAMP, protein kinase C is translocated in sensory'neurons by sensitizing stimuli. Translocation occurred after behavioral training of the animal and after application to isolated ganglia of serotonin or phorbol esters. Taken together with the neurtophysiological evidence presented in the accompanying paper that phorbol esters can produce the facilitation, these biochemical results suggest that protein kinase C plays a role-in producing the presynaptic facilitation that underlies short-term sensitization and dishabituation of defensive reflexes.
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Increased release of transmitter from abdominal or pleural sensory neurons (presynaptic facilitation) is a cellular mechanism underlying behavioral sensitization of withdrawal reflexes in Aplysia (1, 2) . It has been proposed that the presynaptic facilitation is caused by closure of a serotoninsensitive potassium (Ks) channel through cAMP-dependent protein phosphorylation that results in prolonging the action potential in terminals of the sensory neurons (3, 4) . Closure of the Ks channel does not facilitate depressed sensoryto-motor'synapses, however, suggesting that some other mechanism might also contribute to'the facilitation (5, 6) . We now show that sensitizing stimulation of the animals trans- locates and activates the Ca2+/phospholipid-dependent protein kinase (protein kinase C, PKC) (7) . (8) : 10 12.5-mA shocks repeated four times at 0.5-hr intervals were delivered to one side of the animal, resulting in ipsilateral sensitization. After the last train of shocks, animals were anesthetized first by immersion in isotonic MgCl2/unsupplemented artificial seawater, 1:1 (vol/vol), followed by injection ofMgCl2 (9) . Pairs ofpleural-pedal ganglia were isolated in an artificial seawater containing high Mg2+ (220 mM) and immediately were homogenized at 40C in 0.3 ml of homogenization buffer (50 mM Tris-HCl, pH 7.5/1 mM EGTA/10 mM MgC12/5 mM 2-mercaptoethanol/0. 1 mM phenylmethylsulfonyl fluoride/50 kallikrein units of aprotinin per mi/5 mM benzamidine/0.1 mM leupeptin). (Unless otherwise specified,-chemicals were from Sigma.) The'homogenate was centrifuged at 1000 x g; the resulting supernatant was centrifuged again at 100,000 x g for 0.5 hr to obtain a supernatant (cytosol) and a pellet. This membrane fraction was resuspended in 0.3 ml of homogenization buffer.
MATERIALS AND METHODS
Serotonin (5-HT) and cAMP analog treatment. Symmetric pairs of pleural-pedal ganglia, dissected from a single animal as described above, were washed twice more with normal (55 mM Mg2+) supplemented seawater. One'of the pleural-pedal ganglia was exposed to seawater containing 20 ,M 5-HT for 5 min or to seawater containing 1 mM 8-(4-chlorophenylthio)-cAMP for 45 min, and the contralateral (control) ganglia were exposed to seawater alone. The washes were then replaced with the buffer at 4°C, and neuronal components (cell bodies and neuropil) were dissected and fractionated as described above.
Phorbol ester and 4a-phorbol treatment. Neuronal components were dissected from paired pleural-pedal ganglia in the high-Mg2+ seawater and transferred to glass-glass tissue grinders containing 0.2 ml of normal seawater. The seawater was replaced twice at 5-min intervals. One of the pair of ganglia was exposed to seawater containing 0.2 ,uM phorbol 12,13-dibutyrate or 4a-phorbol for 45 min at 15°C, and the contralateral ganglia were exposed to seawater alone. Experimental solutions were replaced with 0.3 ml of homogenization buffer at 4°C and then homogenized and centrifuged as above.
Sensory clusters. Pairs of pleural-pedal ganglia from five anaesthetized Aplysia were isolated, the right and left alternately pinned separately in the high-Mg2+ seawater. After two 5-min washes with normal seawater and a 5-min incubation with either seawater containing 20 ,M 5-HT or normal seawater, sensory cell clusters were dissected out in propylene glycol/2 M NaCI, 1:1 (vol/vol), at -20°C (10) and were homogenized at 4°C in 0.2 ml of the buffer. After high-speed centrifugation, the supernatant was removed, and the pellet was resuspended in 0.2 ml of the buffer.
Assays for PKC. Histone phosphorylation. Cytosol and membrane fractions were diluted 1:4 (ganglia) or 1:1 (sensory cell clusters) with the buffer containing Triton X-100 (0.05% final detergent concentration). At this dilution, which contains <0.3 ,g of protein in a 10-,ul sample, the effect of endogenous inhibitors on histone phosphorylation is negligible, circumventing the need to purify the kinase further. At twice this concentration of protein, phosphorylation of histone plateaus at 30 min, but under our conditions, the reaction proceeded at a constant rate for 1 hr (data not shown). The reaction mixture (30 ,ul) contained 50 mM Abbreviations: PKC, protein kinase C; 5-HT, serotonin.
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Tris HCI (pH 7.5), 10mM MgCl2, 0. To examine the molecular events that trigger this increase of membrane-associated kinase, we next dissected pairs of intact pleural-pedal ganglia. 5-HT, a transmitter presumed to be released during electrical stimulation (1), causes facilitation of sensory-to-motor cell synapses and increases cAMP in sensory cells (3, 4, 10, 20, 21) . Application of 20 .aM 5-HT for 5 min to the isolated ganglia, a concentration shown to result in maximal facilitation (M. Klein, personal communication), resulted in translocation of PKC to membrane as assayed both by histone phosphorylation (Fig. 2, 5 -HT column; 38 ± 11%, P < 0.02) and by binding of [3H]phorbol dibutyrate (20 ± 7%, P < 0.05; Fig. 3) . We used the phorbol dibutyrate-binding assay as another method to show that histone phosphorylation truly measures PKC. PKC in cytosol as determined by histone phosphorylation decreased by 5.7 ± 3%.
To show that facilitory stimuli do not act on PKC through cAMP, we applied an effective (9) membrane-permeable analog, 8-(4-chlorophenylthio)-cAMP, at 1 mM for 45 min to the isolated ganglia. No translocation of the kinase to membrane (-1.7 ± 6%) was observed (Fig. 2, cpt-cAMP column) .
The analog at 0.1 mM together with the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine at 0.1 mM for 2 hr, a condition that greatly enhances cAMP-dependent phosphorylation in Aplysia neuronal tissue (22), also did not translocate PKC to membrane (4.7 ± 6%). The effect of 5-HT on PKC may be produced by a serotonin receptor different from the one that activates adenylyl cyclase.
Phorbol esters are pharmacological agents that circumvent the receptor-mediated generation of endogenous lipid second messengers by activating PKC directly (7, 23) . Exposure of ganglia to 0.2 ,uM phorbol dibutyrate for 45 min resulted in an 81 ± 26% increase in membrane-bound PKC (Fig. 2 , PDBu column) and a loss of 10 ± 5% from the cytosol. The inactive 4acphorbol was ineffective (1.2 + 8.8%; Fig. 2, 4a column) . None of 'the treatments resulted in the loss of total PKC activity.
Since both electrical stimulation and application of 5-HT enhance release oftransmitter from the'presynaptic neuron in the tail-withdrawal reflex pathway (1, 2) , we wished to show that PKC is actually translocated within sensory cells. After Ganglia were exposed to 5-HT (e) as described; the contralateral (control) ganglia from the same animal were exposed to seawater (connected o). The average increase was 20 ± 7% (P < 0.05). exposing the isolated pleural-pedal ganglia to 5-HT, we dissected out pleural sensory cell clusters and found a 73 ± 14% increase in membrane-bound PKC (P < 0.02) and a 27 ± 11% decrease of the kinase in cytosol (Fig. 4) A presynaptic role for PKC in enhancing transmitter release has been suggested by the neurophysiological effects of phorbol esters in vertebrates (26) (27) (28) (29) (30) . But previous experiments on the translocation of the kinase have been limited to studies of long-term potentiation in rat hippocampus (31) and eye-blink conditioning in the rabbit (32) where, enigmatically, the locus of the synaptic change at which PKC is implicated is thought to be primarily postsynaptic (33, 34) . The two mechanisms proposed to cause facilitation in Aplysia sensory neurons are presynaptic, however: delayed repolarization (3) and enhanced mobilization of transmitter vesicles (5, 6) . While abundant evidence indicates that delayed repolarization is produced by cAMP-dependent protein phosphorylation affecting potassium channels (1, 4, 35, 36) , its contribution to facilitation diminishes as the synapse becomes depressed (5, 6 Our results showing the translocation of PKC in sensory neurons during application of the facilitatory transmitter 5-HT suggest that the presynaptic processes induced by applications of phorbol esters also participate in presynaptic facilitation mediating sensitization and closely related forms of learning such as dishabituation (38) . Our experiments do not show how translocation of PKC and phosphorylation of its protein substrates might produce facilitation. Since the application of either phorbol esters or 5-HT increases the spontaneous release of transmitter from sensory cells in culture, however (O. Braha, N. Dale, and E. R. Kandel, personal communication), PKC might make synaptic vesicles more available for exocytosis (29, 39, 40) . Our biochemical results are consistent with the idea that the two protein kinases, PKC and PKA (cAMP-dependent protein kinase), act independently in short-term sensitization, dishabituation, or both, through separate molecular mechanisms but towards the same behavioral goal.
